TonB systems transduce the proton motive force of the cytoplasmic membrane to energize substrate transport through a specific TonB-dependent transporter across the outer membrane. Vibrio vulnificus, an opportunistic marine pathogen that can cause a fatal septicemic disease in humans and eels, possesses three TonB systems. While the TonB1 and TonB2 systems are iron regulated, the TonB3 system is induced when the bacterium grows in human serum. In this work we have determined the essential roles of the leucine-responsive protein (Lrp) and cyclic AMP (cAMP) receptor protein (CRP) in the transcriptional activation of this system. Whereas Lrp shows at least four very distinctive DNA binding regions spread out from position ؊59 to ؊509, cAMP-CRP binds exclusively in a region centered at position ؊122.5 from the start point of the transcription. Our results suggest that both proteins bind simultaneously to the region closer to the RNA polymerase binding site. Importantly, we report that the TonB3 system is induced not only by serum but also during growth in minimal medium with glycerol as the sole carbon source and low concentrations of Casamino Acids. In addition to catabolite repression by glucose, L-leucine acts by inhibiting the binding of Lrp to the promoter region, hence preventing transcription of the TonB3 operon. Thus, this TonB system is under the direct control of two global regulators that can integrate different environmental signals (i.e., glucose starvation and the transition between "feast" and "famine"). These results shed light on new mechanisms of regulation for a TonB system that could be widespread in other organisms.
I
n Gram-negative bacteria, small molecules cross the outer membrane (OM) by passive diffusion through transmembrane porins; however, substrates that either are poorly permeative through porins (those greater than 600 Da) or are present at very low concentrations require energized transport for their translocation across the OM (54) . The TonB complex transduces the proton motive force (PMF) of the cytoplasmic membrane to energize substrate transport through a specific TonB-dependent transporter (TBDT) across the OM (50) . In Escherichia coli, this TonB system is a cytoplasmic transmembrane complex composed of the proteins TonB, ExbB, and ExbD that spans the periplasm (45, 50) . Our group has described that in Vibrio species, the complex with the TonB2 protein includes a fourth protein, TtpC (59) . Until recently, TonB-dependent transport was shown exclusively for the physiological uptake of iron complexes and vitamin B 12 (cobalamin). In recent years there have been descriptions of TBDTs involved in the transport of maltodextrins, zinc, nickel, and sucrose in different species, which suggests the possibility that a broader range of nutrients could be transported through this complex (2, 34, 42, 53, 58) . In Neisseria gonorrhoeae, an ironregulated TBDT protein, TdfF, is important in the intracellular growth of this pathogen, and its role remains to be elucidated (24) .
Vibrio vulnificus is an opportunistic marine pathogen that can cause a fatal septicemic disease in humans and eels (23, 27) . This estuarine bacterium preferentially affects individuals with underlying hepatic diseases and other compromised conditions, such as hemochromatosis and beta thalassemia. In humans, this pathogen frequently causes fatal sepsis with a very rapid progress, resulting in a mortality rate of more than 50% within a few days (27) . We have described the role of the TonB1 and TonB2 complexes in V. vulnificus virulence in iron-overloaded mice (1) . These two systems are involved in the transport of both the hydroxamate-type siderophore and vulnibactin, the two endogenously produced iron chelators siderophores, as well as heme and hemoglobin (1; A. F. Alice and J. H. Crosa, unpublished results). As expected, the operons coding for those complexes were expressed preferentially under iron-limiting conditions under the control of the Fur protein (1) . We have also identified a TonB3 complex in this pathogen that is specifically induced when V. vulnificus grows in human serum with the addition of ferric ammonium citrate (1) . This system consists of seven genes arranged in one operon, including a gene that codes for a putative TBDT as well as those encoding the essential proteins of the complex, TtpC3, ExbB3, ExbD3, and TonB3. Moreover, this cluster of genes has homologues in Vibrio parahaemolyticus as well as in Vibrio alginolyticus.
Since it was clear that both the expression of this operon and its genetic arrangement show significant differences from the conventional iron-regulated TonB complexes, we attempted to unveil the mechanisms of transcription activation of the TonB3 system. This knowledge can be used to determine the nature of the substrate(s) that is transported by this system. In this work we describe the essential roles of two global regulators, Lrp and cyclic AMP (cAMP) receptor protein (CRP), in the activation of this operon under conditions that bacteria find under glucose starvation and in the transition between "feast" and "famine." In addi- Table S1 in the supplemental material. The fragments were cloned in the pCR-Blunt II vector (Invitrogen, Carlsbad, CA), sequenced, and then subcloned in pMMB208 under the control of the Ptac promoter. The constructs were transferred to V. vulnificus strains by triparental conjugation using the helper plasmid pRK2013. In order to induce transcription of the cloned genes, 0.1 mM or 1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) was added to the medium.
RNA isolation and cDNA synthesis. Strains were grown to the determined optical density at 600 nm (OD 600 ) in minimal medium or for various times in human serum with the addition of ferric ammonium citrate (HS-FAC). Total RNA was extracted from each strain using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions, treated with RNase-free DNase, quantified, and stored at Ϫ80C. Usually, 1 g of RNA thus treated was used for cDNA synthesis with the Quantitect reverse transcription kit (Qiagen, Valencia, CA).
qRT-PCR. cDNA synthesized as described above was used in quantitative real-time PCRs (qRT-PCRs) with Power SYBR green PCR master mix (Applied Biosystems, Carlsbad, CA) and 500 nM (each) forward and reverse primers (see Table S1 in the supplemental material). Relative expression was determined by calculating 2 Ϫ⌬⌬CT using the 23S rRNA gene as an internal control. Reactions were conducted in triplicate in a StepOne real-time PCR system (Applied Biosystems, Carlsbad, CA). Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni's posttest.
Overexpression and purification of the V. vulnificus recombinant proteins. The DNA fragments coding for Lrp and CRP were amplified using primers described in Table S1 in the supplemental material and individually cloned into the expression vector pET200 (Invitrogen, Carlsbad, CA). A recombinant plasmid with the correct sequence was used for expression of each protein in E. coli BL21(DE3) Star. In general, 200 ml of LB supplemented with kanamycin was inoculated with an overnight culture of the strain harboring the plasmid of interest, and when the OD 600 reached 0.6, 1 mM IPTG was added to induce the expression of the protein. The culture was incubated for another 4 h at 37°C, centrifuged, washed, and resuspended in lysis buffer (50 mM Na 2 HPO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0). Cells were sonicated and centrifuged, and the supernatant was passed through an Ni-nitrilotriacetic acid resin (Qiagen, Valencia, CA) according to the manufacturer's instructions. After the elution from the column, each protein was dialyzed overnight at 4°C against buffer D (50 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM MgCl 2 , 2 mM dithiothreitol [DTT], 10% glycerol) and the concentration determined with a bicinchoninic acid assay kit (Pierce, Rockford, IL). The proteins were aliquoted and stored at Ϫ80°C.
Electrophoretic mobility shift assay (EMSA). The gel mobility shift assay was performed using the Roche second-generation digoxigenin (DIG) gel shift kit (Roche, Indianapolis, IN). DNA fragments were amplified by PCR and 3= end labeled with DIG-11-ddUTP using terminal transferase as described by the manufacturer. After the labeling efficiency was determined, each of the labeled probes (4 nM) was incubated with increasing amounts of the protein of interest in binding buffer A [20 mM HEPES (pH 7.6), 1 mM EDTA, 10 mM (NH 4 ) 2 SO 4 , 1 mM DTT, 0.2% (wt/vol) Tween 20, 30 mM KCl, and 1 g/l poly(dI-dC)] and incubated for 20 min at 37°C. When CRP was analyzed, 0.2 mM cAMP was added to binding buffer A. For competition experiments, a 4 nM concentration of the labeled probe was incubated with increasing amounts (usually 400 nM) of the unlabeled specific probe. Samples were separated on 6% polyacrylamide gels (Invitrogen, Carlsbad, CA) and run in 0.5ϫ Tris-borate-EDTA (TBE) for 90 min at 100 V. The DNA-protein complexes were transferred to positively charged Hybond Nϩ nylon membranes (GE Healthcare, Piscataway, NJ) and the chemiluminescent signal detected according to the manufacturer's instructions (Roche, Indianapolis, IN) by using an ImageQuant LAS4000 camera (GE Healthcare, Piscataway, NJ).
DNase I footprinting experiments. DNase I footprinting experiments were performed on 32 P-end-labeled fragments using either [␥-32 P]ATP (7,000 Ci/mmol; MP Biomedicals, Solon, OH) or [␣-
32 P]dATP (3,000 Ci/mmol; Perkin-Elmer, Waltham, MA). For 5= labeling of probe C, a PCR fragment amplified with primers M13F and M13R using plasmid p300-42B as a template was labeled with T4 polynucleotide kinase, digested with SacI, and purified from 5% native polyacrylamide gels. For 3= labeling of probe D, a PCR fragment amplified using plasmid p632-300 with primers 632Pst-M13F was digested with SpeI-EcoRV, end labeled with DNA polymerase I large (Klenow) fragment (Invitrogen, Carlsbad, CA) as indicated by the manufacturer, and gel purified as described above. Binding reactions (with 20-l mixtures) were carried out under the same conditions as described for EMSAs, and DNase I (Promega) treatment was performed for 1 min at room temperature. All samples were analyzed in either 5% or 6% polyacrylamide-8 M urea gels, run at 60 W, dried, and scanned in a Storm 825 PhosphorImager (GE Healthcare, Piscataway, NJ). Gels were calibrated with Maxam-Gilbert GϩA reactions prepared as described previously (10) .
␤-Galactosidase assays. The upstream region of the VV1_0842 (TonB3 cluster) gene was amplified with primers indicated in Table S1 in the supplemental material, cloned in the pCR-Blunt II vector (Invitrogen, Carlsbad, CA), sequenced, and subcloned in the pTL61T vector previously digested with the corresponding restriction enzymes, generating the plasmids described in Table 1 . The empty vector and plasmids thus constructed were transferred to a V. vulnificus ⌬lacZ wild-type strain or the various mutant strains by triparental conjugation. Bacterial strains harboring the plasmids with the lacZ fusions or the empty vector were grown under the conditions described for each figure. Two hundred microliters of each culture was centrifuged, resuspended in buffer Z, and used in the assay. ␤-Galactosidase activities from cultures growing in minimal medium were determined as described previously (38) . Due to the turbidity of the human serum used in this work, when samples obtained from this source were analyzed, the counts of CFU ml Ϫ1 at each time point were used to normalize the ␤-galactosidase activities instead of the OD 600 (1) . Values of ␤-galactosidase activities obtained from cells growing in human serum are comparable; however, they were not comparable to those obtained from cells growing in minimal medium due to the different units used to normalize them (CFU and OD 600 , respectively). The levels of ␤-galactosidase from lacZ fusions were compared using one-way ANOVA with Tukey's posttest. All experiments were repeated at least three times (with some of them performed at least 10 times) with two replicates each, and the results were expressed as means Ϯ standard deviations (SD) for each group examined. All tests were performed with GraphPad Prism 4.0, and statistical significance was defined as a P value of Ͻ0.05.
Fishing ligand experiment. The protocol used for the identification of the proteins bound to probe A was adapted from a method previously described by Nordhoff et al. (46) . The crude extracts used in these experiments were prepared as follows: 10 ml of a culture of V. vulnificus CMCP6 growing in HS-FAC for 6 h was centrifuged, resuspended in binding buffer A (with the omission of Tween 20), sonicated, and centrifuged. The protein concentration was measured as described above, and the sample was kept at Ϫ20 C. Four micrograms of a biotinylated PCR fragment amplified with primers 42-632 (biotinylated) and 42-477Bam was incubated with 400 g Dynabeads M-280 -Streptavidin (Invitrogen, Carlsbad, CA) for 15 min at room temperature in binding and washing buffer B-W (5 mM Tris-HCl [pH 7.5], 0.5 mM EDTA, 1 M NaCl). The DNA-beads were washed 3 times with buffer B-W and incubated for 20 min at 37°C using gentle rotation with 150 g of total proteins from the V. vulnificus crude extract obtained as described above in the presence of 1 g poly(dIdC) and 0.2% (wt/vol) Tween 20. After the incubation, the mixture was washed four times with buffer W (20 mM Tris-HCl [pH 7.5], 0.1 mM DTT, 100 M NaCl, 1 mM EDTA, 1ϫ protease inhibitor). The first wash also included 1 g of poly(dI-dC). The magnetically separated beads were resuspended in 40 l of 1% SDS and boiled for 10 min. The supernatant was analyzed in the Proteomic Shared Resource at OHSU. A negativecontrol sample was also prepared in the same manner as described above but with the omission of the biotinylated DNA, which was replaced with the same volume of buffer. At least two positive and two negative samples were analyzed independently, and proteins were identified with false-discovery rate of 3%.
Virulence experiments. Competitive index (CI) experiments were performed as described previously (1) . Briefly, bacterial strains were cultured in TSBS, and then equal volumes were mixed and serial dilutions performed. A dilution (usually containing ca. 5,000 to 8,000 CFU) was injected subcutaneously (s.c.) in 4-to 6-week-old CD-1 mice (Charles River Laboratories, Wilmington, MA). In the iron-overloaded mouse model, 900 g of FAC is injected intraperitoneally (i.p.) 30 min prior to the bacterial challenge (1) . It has been previously demonstrated that mice are more susceptible to V. vulnificus infections when iron is injected i.p. before the inoculation of the bacterial cells (66) . Animals were checked after approximately 10 h of inoculation, and when they showed signs of the disease (e.g., lethargy, slow movements, or lack of appetite), they were euthanized with CO 2 according to IACUC regulations. A skin sample (1 cm by 1 cm around the inoculation site), spleen, and liver were aseptically extracted and homogenized by using a Seward Stomacher lab blender in the presence of phosphate-buffered saline (PBS) (1 ml for skin and spleen and 2 ml for liver). Serial dilutions were performed in PBS, and the dilutions were plated on TSBS plus 1.5% agar (TSAS) plates supplemented with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (XGal) to determine the CFU of the strains under analysis. CI values were obtained as described in reference 61. The statistical analysis was performed by using one-way ANOVA with Bonferroni's posttest with GraphPad Prism 4.0 software.
RESULTS
The TonB3 system is involved in V. vulnificus invasion in ironoverloaded mice. The TonB3 system in V. vulnificus is unique in both its genetic organization and the conditions under which the expression is induced. As shown in Fig. 1 , this operon includes a gene that codes for a putative TonB-dependent receptor (TBDR) (VV1_0842) as well as those encoding the TonB3 protein and the accessory proteins TtpC3, ExbB3, and ExbD3 (VV1_0847, VV1_0844, VV1_0845, and VV1_0846, respectively). We have previously shown that this operon was specifically induced when V. vulnificus was grown in human serum with the addition of FAC (HS-FAC) (1) . In this pathogen the TonB1 and TonB2 systems are important virulence factors; however, the ⌬tonB3 mutant strain did not show any change in the 50% lethal dose (LD 50 ) compared to that of the wild-type strain (1). To determine if this system has any role during the invasion of V. vulnificus and progress of infection, we performed competitive index (CI) assays, which we have described as a very sensitive test to examine the contribution of a gene to the virulence of this pathogen when LD 50 values are similar to that of the wild-type strain (1) . A CI test between the ⌬tonB1 ⌬tonB2 double mutant (TonB3 ϩ ) and the tonB triple mutant (TonB3 Ϫ ) was carried out in the iron-overloaded mouse model as described in Materials and Methods (s.c. inoculations). We used a ⌬tonB1 ⌬tonB2 genetic background for these experiments because we do not know if these two systems could complement a tonB3 mutation in vivo. The results obtained with livers and spleens from infected animals showed that the strain in which the three tonB systems were mutated is affected in the invasion of V. vulnificus, highlighting a possible role for the TonB3 cluster in this process (Fig. 2) .
A region located far upstream of the promoter is essential for full activation of the tonB3 operon. Since the TonB3 system may have a role in V. vulnificus infection and is specifically induced when the bacteria are growing in human serum, we attempted to determine the function of this system under those conditions. Taking into account that we could not detect a full induction of the expression of this operon in either rich medium or CM9 minimal medium (1), we assumed that some component(s) of the human serum was specifically important for this system induction. Considering the complexity of the components of human serum, we hypothesized that by determining the identity of the activator(s) involved in that particular induction, we could understand the role of this system in V. vulnificus physiology.
We first determined the minimal region of the promoter needed for its expression by constructing various transcriptional fusions of the promoter region of this operon to the lacZ gene, which were conjugated into a V. vulnificus lacZ mutant strain. The expression was analyzed at various times during growth, with the maximum expression observed after 6 h, when the cells reached the late log phase (1) . Figure 3A shows that three different levels of activity were measured after 6 h of growth. In one group there was very low activity, as in the case of the empty vector pTL61T and the p100 construct; the absence of expression in the latter construct corresponds with the deletion of the Ϫ35 region and confirms our previous results, where we determined the start point of the transcription being at bp Ϫ81 from the ATG ( (1) (Fig. 1) . A second group of constructs, from bp Ϫ218 (p300) to Ϫ420 (p498) relative to the transcription start site, show an intermediate level of activity. Interestingly, constructs including the region from nucleotide Ϫ551 to Ϫ420 (constructs p632 and p720) were shown to be essential to achieve the full activation of this promoter observed in HS-FAC. Further confirmation of these results was obtained by using a strain with a deletion of the region from bp Ϫ528 to Ϫ396 in the chromosome (here named ⌬498). RNA extracted from this strain growing in HS-FAC was used to analyze the expression of the tonB3 gene by qRT-PCR, which was compared to that of the wild type. As expected, the transcription of this operon was induced in the wild-type strain growing under these conditions; however, the ⌬498 derivative showed a lower level of expression, confirming the results obtained with the lacZ fusions (Fig. 3B) .
The Lrp protein is needed for the activation of the tonB3 operon. The results described above suggested that the region from bp Ϫ551 to Ϫ420 was acting in cis in the activation of the tonB3 promoter. We hypothesized that a transcriptional regulator(s) can bind this region and activate the expression of the tonB3 operon. To determine the identity of this protein(s), we performed fishing ligand experiments as described in Materials and Methods by using cell extracts obtained from V. vulnificus growing in HS-FAC (inducing conditions). A total of 158 proteins were identified between the positive and negative samples. Peptides corresponding to the open reading frame (ORF) VV1_2951 (encoding the leucine-responsive regulator Lrp) were highly represented in the positive sample, while they were absent in the negative controls. This protein belongs to a group of seven transcription factors that in E. coli control approximately 50% of the regulated genes (5). To confirm the role of this protein in the activation of this operon, we studied the tonB3-lacZ transcriptional fusion (construct p632) under inducing conditions in both the ⌬lrp mutant and the complemented strains. Compared with that in the wild-type strain, we could observe a significant reduction in the activity of this promoter in the mutant strain, which is restored to wild-type values in the complemented strain (Fig. 4A) . It is worth noting that when we overexpressed the Lrp protein with 1 mM IPTG, the protein level reached was toxic for the bacterial cells; however, lower levels of IPTG (0.1 mM) allowed sufficient expression to observe full activation of the operon without affecting the viability of the cells (data not shown). To address whether the role of Lrp in the activation was a result of a direct binding of this protein to the 632-to-498 region, we purified the Lrp(His) 6 protein and used it in EMSAs with the corresponding labeled probe. A shift in the mobility of the probe was detected only when the protein was added to the reaction mixture in the presence of poly(dI-dC) as a nonspecific competitor. This shift could be reversed when unlabeled competitive DNA was used, confirming the specificity of the binding observed (Fig. 5A) . Usually the amino acid L-leucine might act as a coeffector of Lrp, and it po- tentiates, overcomes, or has no effect on the function of Lrp upon its target genes (9, 44, 60) . We then tested the possibility that the presence of this amino acid in the binding buffer of the EMSAs could modify the binding of Lrp to this DNA fragment. As can be observed in Fig. 5A , Lrp does not bind to the target DNA in the presence of L-leucine, suggesting a role for this amino acid in the regulation of this operon. Additionally, we also tested whether this protein could bind other regions of the promoter. In Fig. 5B we show that Lrp could bind to a probe that includes the transcription start point as well as the putative binding site of the RNA polymerase (probe C, from nucleotide Ϫ218 to ϩ81 with respect to the ATG). Similarly, when the area comprising nucleotides Ϫ420 to Ϫ218 (probe B) was used, we observed a specific shift in the mobility of the probe upon the binding of Lrp. Furthermore, the presence of L-leucine affected the observed binding of Lrp to these two DNA regions (Fig. 4B) .
We next determined the binding sites of Lrp in the tonB3 promoter region by performing DNase I footprinting assays. When a fragment that includes the far-upstream region as well as the middle region (probe D) was used together with purified Lrp protein, we observed high levels of protection at positions Ϫ509 to Ϫ443 and Ϫ415 to Ϫ398 (Fig. 5C ), which overlaps a sequence with similarity to the Lrp consensus ( Fig. 1) (13, 17) . The protection observed also lead to phased hypersensitivity (26) that is commonly observed with this protein (64) . However, it should be noted that due to the intrinsic resistance to DNase I of the region comprising approximately nucleotides Ϫ509 to Ϫ477 and Ϫ415 to Ϫ410, it was difficult to delimit the binding site for Lrp at those locations. Interestingly, another large protected region was observed in the middle region, which spans positions Ϫ265 to Ϫ208 with hypersensitive sites that are consistent with the DNA bending or wrapping described for this protein (Fig. 5D) (64) . A sequence with similarity to the Lrp consensus was also identified at this position ( Fig. 1) (13, 17) . The analysis of the proximal region showed an additional Lrp binding site at position Ϫ147 to approximately Ϫ59, which lies right upstream of the Ϫ35 region, suggesting that this protein could interact with the RNA polymerase (Fig.  5E ). Again it is worth noting the presence of a region with intrinsic resistance to DNase I between positions Ϫ81 and Ϫ59. As expected, the protected region overlapped a sequence with high similarity to the Lrp consensus sequence (Fig. 1) (13, 17) . The binding of the Lrp protein to all those regions is consistent with our EMSA results.
Considering the previous results, two new lacZ transcriptional fusions were constructed and analyzed in cells growing in HS-FAC. In one of them we deleted a DNA fragment between positions Ϫ551 and Ϫ461 (construct p548), while in the second one we deleted nucleotides Ϫ233 to Ϫ217 (construct pdint). According to our footprinting experiments, Lrp binds to these regions of the tonB3 promoter, and when they are deleted, the induction of the expression of the lacZ fusions is abolished (Fig. 4B) . Altogether, these results confirm the role of Lrp in the control of the transcription of the tonB3 operon.
Activation of the tonB3 operon in minimal medium under starvation conditions. It was clear from our EMSA experiments that L-leucine affected the Lrp binding to the DNA target regions. To determine if this amino acid has any role in the expression of the tonB3 promoter in vivo, we studied its expression in cells growing in HS-FAC supplemented with 10 mM L-leucine. It is worth mentioning that the concentration of L-leucine in sera from healthy individuals is 123 mol liter Ϫ1 (range, 98 to 148 mol liter Ϫ1 ) (51) . The activity of the tonB3 promoter obtained under these conditions was reduced at least 10-fold compared to that of the wild type growing in serum without the amino acid supplementation (Fig. 6A) .
Although we observed induction of this operon when V. vulnificus was grown in HS-FAC, our attempts to obtain similar levels of expression in both rich and minimal media in the past were unsuccessful (1) . With the discovery of the roles of Lrp and L-leucine in the control of the transcription of this operon, we explored its transcription under conditions where Lrp is usually expressed at high levels and/or the presence of this amino acid could play any regulatory role. In E. coli the expression of Lrp is repressed in rich medium as well as in minimal medium with 1% CAA (11, 29, 32, 44 ). We determined the expression level of the lrp gene in cells growing in TSBS, determining that it was approximately 3-fold lower than that in cells growing in HS-FAC (P Ͼ 0.05; no significant difference was observed) (see Fig. 8B ); however, in agreement with our previous observations, the expression of the tonB3 gene in TSBS was ϳ33-fold lower than that observed in HS-FAC (P Ͻ 0.001) (see Fig. 8A ). Since the Lrp levels appeared not to be the main reason for these lower levels of expression of the tonB3 operon in rich medium, we assumed that the presence of L-leucine (and other amino acids) in TSBS possibly could be the reason for the low level of expression observed in that medium.
We tested this hypothesis by analyzing the expression of the tonB3-lacZ fusion in cells growing in M9 minimal medium with various carbon sources and CAA concentrations. Lowering the CAA concentration in minimal medium with glycerol as a carbon source was sufficient to obtain high levels of expression of the tonB3 mRNA, which were comparable to, although still ϳ3-fold lower than, those observed in HS-FAC (P Ͻ 0.05) (see Fig. 8A ). Likewise, high levels of ␤-galactosidase were detected in the tonB3-lacZ fusion strain analyzed in this medium, with the highest
FIG 4 The lrp gene is essential for tonB3 induction in HS-FAC. (A)
Wild-type, ⌬lrp, and ⌬lrp pMMlrp strains harboring plasmid p632 containing the tonB3-lacZ fusion were grown in HS-FAC. Samples were removed at various time points and analyzed as described for Fig. 3A. (B) Constructs p548 and pdint were conjugated into the V. vulnificus ⌬lacZ strain, samples were removed at various times, and ␤-galactosidase activity was measured as described above. The bars represent means Ϯ standard deviations (n ϭ 3). Bars showing no significant difference are labeled with the same letters, and those showing a significant difference (P Ͻ 0.01 for panel A and P Ͻ 0.001 for panel B) are labeled with different letters, based on one-way ANOVA with Tukey's posttest. levels measured when the cells were growing in the presence of glycerol and 0.02% CAA (Fig. 6B) . In complete agreement with our previous finding in HS-FAC, when L-leucine was added to the minimal medium, the expression was repressed (Fig. 6B) . In addition, when the ⌬lrp mutant strain was analyzed in this medium, the expression levels of the tonB3 promoter were reduced at least 10-fold compared to those of the wild type, and adding L-leucine only had a marginal effect (Fig. 6C) . When the complemented strain was analyzed under similar conditions, ␤-galactosidase activity was restored to even higher levels than in the wild type (Fig.  6C) , indicating that overexpression of this gene activates the expression of the tonB3 promoter at higher levels than in the wild type. It is also worth noting that the ⌬lrp mutant strain has longer doubling times in this medium than the wild type (ϳ3.5 h versus ϳ2 h), suggesting that the Lrp protein has an important role in the physiology of V. vulnificus under these conditions or that a cofactor needed in the mutant is missing in the minimal medium used (32) . As expected, the complemented strain showed a doubling time similar to that of the wild type. The results detailed above showed for the first time a complete agreement between the results obtained from V. vulnificus cells growing in HS-FAC and those obtained from cells growing in M9 with glycerol as the sole carbon source and low CAA concentrations. Furthermore, analysis of the expression of the tonB3-lacZ fusion in M9 glycerol with low CAA and with the addition of 200 g/ml FAC confirmed that high iron concentrations do not play any role in the expression of this Fig. 1B . In each panel it is indicated when 10 mM L-leucine was added to the binding buffer as well as when unlabeled probe DNA (400 nM) was used for competition. Free labeled DNA and Lrp(His) 6 -DNA complexes are indicated. (C, D, and E) DNase I footprinting analysis of the tonB3 promoter with purified Lrp(His) 6 . End-labeled probes D (C and D) and C (E) were incubated with various concentrations of Lrp(His) 6 as indicated in each panel and treated with DNase I. Gels were calibrated using GϩA sequencing reactions (GϩA), and relevant positions are indicated. The locations of DNA binding sites for Lrp(His) 6 are shown by black lines, and putative binding sites with intrinsic resistance to DNase I are shown with dotted lines. Hypersensitive sites due to Lrp(His) 6 binding are labeled with asterisks.
FIG 6 Effects of L-leucine and glucose on tonB3 promoter expression. (A)
The V. vulnificus ⌬lacZ strain harboring the p632 construct was grown in HS-FAC or in the same medium with the addition of 10 mM L-leucine or 0.5% glucose. Samples were removed at various times, and ␤-galactosidase activity was measured as described for Fig. 3A . Values obtained at 6 h after the inoculation are shown. (B) The V. vulnificus ⌬lacZ strain harboring the p632 construct was grown in M9 with 0.5% glycerol and various concentrations of CAA in the presence or absence of 10 mM L-leucine up to an OD 600 of ϳ0.7, samples were removed, and ␤-galactosidase activity was measured as described in Materials and Methods. (C) Wild-type, ⌬lrp, and ⌬lrp pMMlrp strains harboring plasmid p632 containing the tonB3-lacZ fusion were grown in M9 -0.5% glycerol-0.02% CAA in the presence or absence of 10 mM L-leucine, and ␤-galactosidase activity was measured as described above. (D) The V. vulnificus ⌬lacZ strain harboring the p632 construct was grown in M9 -0.5% glycerol-0.02% CAA or in the same medium with the addition of 10 mM L-leucine. When indicated, 200 g/ml FAC was added. Samples were removed at an OD 600 of ϳ0.7 and ␤-galactosidase activity measured as described above. (E) V. vulnificus ⌬lacZ strains harboring the p300, p400, p498, or p632 construct were grown in M9 -0.5% glycerol-0.02% CAA or in the same medium with the addition of 10 mM L-leucine. Samples were removed at an OD 600 of ϳ0.7 and ␤-galactosidase activity measured as described above. The bars represent means Ϯ standard deviations (n ϭ 3). Those bars showing no significant difference are labeled with the same letters, and those showing a significant difference (P Ͻ 0.001 for panels A, C, D, and E and P Ͻ 0.05 for panel B) are labeled with different letters, based on one-way ANOVA with Tukey's posttest. operon (Fig. 6D) . Analysis of the p498, p400, and p300 lacZ fusion constructs in minimal medium with glycerol and low CAA gave results similar to those obtained with cells growing in HS-FAC (i.e., low levels of activation) (Fig. 6E) .
As mentioned above, we tested the expression of this operon in cells growing with various carbon sources; importantly, in the presence of glucose the expression was reduced at least 5-to 7-fold (P Ͻ 0.001) compared to that in the cells growing with glycerol as the sole carbon source (Fig. 7 and 8A ). In addition, the expression of the tonB3-lacZ fusion was reduced only 2-fold when L-leucine was added to the medium ( Fig. 7 and 8A) . Similar results were obtained with fructose, another phosphoenolpyruvate phosphotransferase transport system (PTS) sugar, as the sole carbon source (Fig. 7) . However, when galactose or maltose (non-PTS sugars) were used as carbon sources in minimal medium, there was an increase in the activity of the tonB3-lacZ fusion, which in the case of galactose was identical to that observed when glycerol was used as the carbon source (Fig. 7) . Furthermore, when the cells were growing in the presence of glucose and glycerol, the activity was 5-to 7-fold (P Ͻ 0.001) lower than that observed in glycerol alone, and no effect was observed when L-leucine was present in the medium (Fig. 7) . In agreement with these results, the addition of glucose to the HS-FAC reduced the expression of the tonB3 promoter almost 3-fold (P Ͻ 0.001) at 6 h, when the maximum expression is observed in the absence of this sugar (Fig. 6A) . Altogether, these results suggested the involvement of a mechanism of catabolite repression in the expression of the tonB3 operon and/or in the expression of the lrp gene. To address whether the expression of the lrp gene is affected by the presence of glucose in the medium, we carried out qRT-PCR assays from RNA obtained from cells growing in M9 with low CAA and with either glucose or glycerol as a carbon source. There were no significant changes in the lrp transcript level when measured in the presence of glucose and compared to that with glycerol, indicating that this gene is not under catabolite repression control (Fig. 8B) .
CRP is also involved in the activation of the tonB3 operon. The results described in the previous section strongly suggested the possibility that the tonB3 operon is under catabolite repression control. It is known that the cAMP receptor protein (CRP) is involved in the activation and/or repression of various genes and operons in response to the presence of glucose in the medium (6, 28, 56) . To test the hypothesis that this protein also acts directly on the promoter region of this operon and/or indirectly through the regulation of lrp, we evaluated the expression of the tonB3 operon and the lrp gene in a ⌬crp mutant strain. Unfortunately, the CMCP6 V. vulnificus ⌬crp mutant strain cannot grow with glycerol as the sole carbon source in minimal medium, so we could not directly address the expression of those genes in cells growing under those conditions. However, this mutant strain was able to vulnificus ⌬lacZ strain harboring the p632 construct was grown in M9 with various carbon sources (0.5% each) and 0.02% CAA in the presence or absence of 10 mM L-leucine and ␤-galactosidase activity measured as described in Materials and Methods. The bars represent means Ϯ standard deviations (n ϭ 3). Those bars showing no significant difference are labeled with the same letters, and those showing a significant difference (P Ͻ 0.01) are labeled with different letters, based on one-way ANOVA with Tukey's posttest.
FIG 8 Expression of the tonB3, lrp, and crp genes under various conditions.
Total RNA was extracted from the different strains growing under the indicated conditions. The mRNA levels (represented by 2 Ϫ⌬⌬CT values) of various genes in the different strains then were measured by qRT-PCR and expressed as the fold change from that measured in the wild-type strain growing in M9 -glycerol-0.02% CAA without the addition of L-leucine. (A) tonB3; (B) lrp; (C) crp. The bars represent means Ϯ standard deviations (n ϭ 3). The significance of differences was analyzed by one-way ANOVA with Bonferroni's posttest. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. grow in HS-FAC, although the doubling time was longer than that of the wild type (ϳ2.5 h versus ϳ1.5 h), so we were able to evaluate the expression of the tonB3 system under this condition. The expression of the tonB3 promoter was significantly lower in the ⌬crp mutant than in the wild type as measured by ␤-galactosidase activity (Fig. 9A) . As expected, the levels of the tonB3 mRNA determined by qRT-PCR were lower in this mutant strain (Fig. 8A) . Furthermore, the complemented strain showed levels of expression similar to those of the wild type (Fig. 9A) , confirming the role of this protein in the regulation of this promoter at the transcription initiation level. The expression of the lrp gene was not significantly different in this ⌬crp mutant strain growing in HS-FAC than in the wild type growing in the same medium (P Ͼ 0.05) (Fig.  8B) . This is important, as in E. coli lrp is responsive to both growth rate and CRP (29, 41) . Additionally the expression of the crp gene in the wild-type strain growing in minimal medium with glycerol and low CAA is similar to that in the same strain growing in HS-FAC (Fig. 7C) . However, we observed lower levels of crp mRNA when L-leucine was added to the minimal medium (Fig.  8C) . This effect, which was relieved in a ⌬lrp mutant strain growing under the same conditions, suggests a possible role for Lrp in the control of crp transcription.
We further confirmed the role of CRP in the activation of the tonB3 operon by analyzing its expression in minimal medium with glucose as a carbon source in the presence of exogenously added cAMP. In the presence of glucose, the intracellular levels of cAMP are low (20) ; hence, it is expected that CRP does not bind to the binding sites located in the regulatory regions of the genes under its control (28) . Here, when we added cAMP to the minimal medium containing glucose, we could recover expression from the tonB3-lacZ fusion as well as the L-leucine regulation at the levels observed in the presence of glycerol (Fig. 9B) . To address whether the observed effect on the expression of the tonB3 gene is a consequence of the direct action of the CRP on the promoter region of this operon, we performed EMSAs with purified CRP(His) 6 . Figure 10A shows the shift detected when probe C (primers 42-300/42Bam) was incubated with increasing concentrations of this protein in the presence of cAMP in the binding buffer. This shift was reversed in the presence of unlabeled competing DNA. We further demonstrated that CRP does not bind to probe A (far-upstream region) or probe B (middle region), indicating that this protein binds only in the region closer to the start point of the transcription (data not shown). When we split probe C in two, Ci (42-300/42-206Rev) and Cii (42-206-For/42Bam), we established a shift only in probe Ci (Fig. 10B ). An in silico analysis of this region showed the presence of a putative binding site with high identity to the sequence consensus for this protein centered at bp Ϫ122.5 from the start point of the transcription (Fig. 1C) . The identification of the binding site of this protein was done by performing DNase I footprinting with probe C. A footprint was identified between the nucleotides Ϫ136 and Ϫ107, which overlaps with the identified consensus sequence (28) (Fig. 11A) . Since in our footprinting studies with purified Lrp(His) 6 we observed a protection in the same position where cAMP-CRP binds to the DNA, we wished to determine whether these proteins can bind to this DNA fragment simultaneously. Competitive EMSA experiments were not sensitive enough to distinguish between Lrp-DNA complexes and possible Lrp-CRP-DNA complexes (data not shown). However, by using the binding signatures of each protein, we evaluated the titration of Lrp against a constant concentration of CRP. Similar analyses were previously performed by other authors with a different system (4). In general, as the Lrp concentration increased, the signatures characteristic of CRP binding disappeared, being replaced by signatures characteristic of complete Lrp binding (Fig. 11B, compare lane 2 with lanes 3, 4, and 5 ). This replacement, however, occurred gradually. At lower Lrp concentrations (Fig. 11B, lanes 3 and 4) , signatures associated with both CRP and Lrp binding coexisted. Although Lrp-associated protection and hypersensitivity at positions Ϫ59 and Ϫ94 were present, the CRP-associated hypersensitivity site (Ϫ99) remained apparent even at intermediate Lrp concentrations (Fig.   11B, lanes 3 and 4) . At high Lrp concentrations, all signatures and protection corresponded to this protein alone (Fig. 11B , compare lanes 5 and 6). We then performed the same type of footprinting analysis with increasing concentrations of CRP and constant Lrp concentrations. At lower concentrations of CRP, signatures associated with this protein were already present and coexisted with those of Lrp (Fig. 11B, lanes 7 and 8) . Interestingly, high concentrations of CRP were not enough to completely displace Lrp, as hypersensitive signatures of the latter protein were still visible at 0.75 M CRP (sites Ϫ59 and Ϫ94; Fig. 11B, lane 9) . These results argue that when present at higher concentrations (0.5 M), Lrp may displace CRP from its site in this promoter; however, CRP could displace Lrp from one of the binding sites (approximately bp Ϫ147 to Ϫ109) but could not displace it from the binding site residing downstream of the CRP binding site even at high concentrations (Fig. 11B,  lanes 8 and 9) . Importantly, these results also support the possibility that Lrp and CRP bind simultaneously to form a CRPLrp-DNA complex that could drive transcription under the conditions studied in this work.
FIG 11
DNase I footprint analysis of the tonB3 promoter region with purified CRP(His) 6 and Lrp(His) 6 proteins. End labeled probe C was incubated with various concentrations of CRP(His) 6 (A) or CRP(His) 6 and Lrp(His) 6 (B) as indicated and treated with DNase I. Gels were calibrated using GϩA sequencing reactions (GϩA), and relevant positions are indicated. The locations of DNA binding sites for CRP(His) 6 are shown by full black lines, while those that correspond to Lrp(His) 6 are shown by dotted lines. Hypersensitive sites produced by CRP(His) 6 binding are labeled with black stars, and those due to Lrp(His) 6 binding are labeled with white stars.
DISCUSSION
TonB systems are responsible for transducing the energy from the proton motive force from the inner membranes to the outer membranes of Gram-negative bacteria for the transport of iron-siderophore complexes, cobalamin, or colicins by TBDT. Recently other substrates for the TonB systems, including zinc, nickel, maltodextrins, and sucrose, have also been identified in different species (2, 34, 42, 53, 58) . In addition to the control of the expression of the TBDTs involved in iron-siderophore transport by the Fur protein, other regulatory mechanisms have been described, including AraC-like transcriptional regulators (FetR and MpeR), extracytoplasmic sigma factors (e.g., FecI, PvdS, and MbaS), a riboswitch (e.g., btuB), small RNAs (e.g., omrA and omrB), and the nickelsensing transcriptional regulator NikR (see reference 45 for a review).
In this work we show that two global regulators, Lrp and CRP, regulate expression of the TonB3 operon, which includes the genes encoding the TBDT protein as well as the structural proteins TtpC3, ExbB3, ExbD3, and TonB3, in response to L-leucine and glucose starvation. We also demonstrated that theTonB3 system is involved in V. vulnificus invasion in the iron-overloaded mouse model. Recently, it was demonstrated that the gene encoding the heme receptor HupA in V. vulnificus has a binding site for CRP in the promoter region and that this protein controls the transcription of hupA when the cells are growing at 40°C; however, Fur (and iron) is the main regulator under physiological conditions (47) . Likewise, in the same pathogen the iron-regulated vulnibactin receptor is also under the control of CRP (14) . Zhang et al. (69) also showed the possible involvement of CRP in the control of the transcription of the fecA, fepA, cirA, and fiu genes in a fur mutant strain of E. coli. It is still not clear whether a direct or an indirect mechanism controls the changes in the expression observed in the crp mutant in the last two cases (14, 69) .
Lrp is a protein that has an important role in the cell physiology, and it has been designated a physiological barometer (21) . Its main function is to control the expression of target genes and operons according to the nutritional status of the cell, and in E. coli it controls approximately 400 genes, at least 130 of which involve direct interactions (13, 60) . This protein ties bacterial metabolism to environmental signals, mediating transitions between "feast" and "famine." Therefore, Lrp upregulates specific genes during famine and downregulates other genes during feast (9, 13, 60) . Most of the genes regulated by Lrp are involved in small-molecule transport and amino acid metabolism (13, 60) . According to our genetic and molecular analyses, in the absence of L-leucine, Lrp binds the promoter region of the tonB3 operon in at least four very distinct locations. An essential binding site for the Lrp protein, resulting in full activation of the tonB3 operon, is located in the far-upstream positions Ϫ509 to Ϫ443 (with a second small region at positions Ϫ415 to Ϫ398). The footprints showed phased hypersensitivity (26) that is consistent with Lrp bending or wrapping of large regions of DNA. It has been described that this protein can form multimers (dimers, octamers, and hexadecamers) (12, 19) . The activation at long distance observed for Lrp in this work is not uncommon for this protein; however, the location of this essential binding site at those positions in the tonB3 promoter makes this regulatory region one of the farthest described so far for Lrp (48, 64) . A third binding site, located in the middle region of the promoter comprising positions Ϫ265 to Ϫ208, presented a large footprint that is also characteristic for this protein. It is worth noting that in some regions we could not determine the exact boundaries of the binding sites for this protein due to the intrinsic resistance to DNase I observed. A partial deletion of this binding site demonstrated that it was also essential for full activation of the tonB3 operon. Finally, a fourth binding site for Lrp was located upstream of the putative binding site for the RNA polymerase and just downstream of the binding site for CRP.
While in class I and class II promoters CRP interacts directly with the RNA polymerase and other activators are not needed, complex promoters require a regulator in addition to CRP and have been designated class III promoters (7, 8) . In those cases, CRP-induced DNA bending can reposition an activator into a productive complex with RNA polymerase (e.g., MalT), or CRP can modulate the binding of an activator to the DNA (e.g., AraC) (5, 52, 68) . Since Lrp can induce bending of the DNA (62), according to our results, in the tonB3 promoter region Lrp might help to form a nucleoprotein complex that facilitates interaction between cAMP-CRP and the RNA polymerase. A similar situation has also been described for E. coli in the papBA operon, where Lrp interacts with the DNA region located between the CRP binding site and the RNA polymerase (63) . The location of Lrp between those two proteins helps the CRP to interact with the alpha C-terminal domain (␣-CTD) region of the RNA polymerase (63) . In another example, CRP binds at bp Ϫ121.5 upstream of the transcription start site of the proP P2 promoter and coactivation is achieved by Fis and CRP independently contacting each of the two ␣-CTDs (36). Further work is needed to establish whether in the tonB3 promoter CRP interacts directly with the RNA polymerase (with or without Lrp help) or whether CRP helps in the interaction between the RNA polymerase and the far-located Lrp proteins or another unrecognized activator. Although our genetic and DNase I footprinting experiments support the hypothesis of these two proteins acting in concert to drive transcription, it is also possible that under some growth conditions Lrp might displace CRP from the promoter region.
Thus, we were able to identify not only two direct activators of the TonB3 system but also growth conditions where it is expressed at high levels in addition to the previously recognized HS-FAC condition. The interesting nutritional parallelism between human serum and M9 with a low CAA concentration and glycerol as the sole carbon source suggests that when V. vulnificus is growing under the former condition it is deprived of amino acids (a signal sensed as low levels of L-leucine) and rapidly utilizes glucose (the second signal). In addition to L-leucine, other amino acids, such as L-alanine, L-isoleucine, L-valine, and L-methionine, repressed the expression of the TonB3 system when added to the minimal medium (data not shown). This result is consistent with a recent discovery that E. coli Lrp responds to several of these amino acids (25) . In line with those observations, when we performed a microarray analysis with total RNA obtained from V. vulnificus cells growing in HS-FAC, we found that the genes that encode enzymes involved in the glyoxylate shunt as well as glycerol metabolism were clearly induced after 4 to 6 h of growth in serum (Alice and Crosa, unpublished data), indicating the utilization of glycerol and/or lipids as carbon sources after the glucose depletion. According to the Human Serum Metabolome Database (HMDB), the concentration of L-leucine in normal human serum is 123 mol liter Ϫ1 (range, 98 to 148 mol liter Ϫ1 ), while the concentration of glucose is 4,440.0 Ϯ 370.0 mol liter Ϫ1 (51) . These values indicate that Lrp could bind the promoter region of the tonB3 operon when V. vulnificus grows in human serum, and if glucose is depleted, cAMP-CRP could bind and allow full activation of this system. In agreement with this hypothesis, when we added glucose or 10 mM L-leucine to the HS-FAC used throughout this work, we observed a reduction in the expression of the tonB3-lacZ fusion without the growth being notably affected (Fig. 6A) . This TonB3 complex appears to play a role during V. vulnificus invasion, suggesting that the substrate(s) being transported for this system inside the host is relevant for that process. It is tempting to speculate that the transition between "feast" and "famine" (9, 43) , sensed as L-leucine starvation (and maybe the stringent response), constitutes an important signal when this pathogen grows in serum or inside the host. The study of the physiology of V. vulnificus growing in human serum could lead to the discovery of new mechanisms used by this pathogen during the rapid invasion observed in infected susceptible individuals. As mentioned above, Lrp and CRP appear to act in concert in the activation of the TonB3 operon, sensing at least two different environmental signals: low concentrations of L-leucine and glucose. In E. coli, a number of genes are controlled by both Lrp and Crp (15, 18, 35, 49, 65, 67, 70) . A question that remains to be answered is which other protein(s) binds this DNA when Lrp and CRP are not bound (i.e., when the operon is not actively transcribed). Recently, Lee et al. (30) , in a search of binding sites for the quorum-sensing regulator SmcR in the V. vulnificus genome, identified and confirmed a binding site for this protein in front of the tonB3 operon. More interestingly, the binding site sequence identified by DNase I footprinting for SmcR lies immediately upstream of the CRP binding region identified in this work. Since the bindings of these two proteins to the promoter region seem to be mutually exclusive (Alice and Crosa, unpublished data) we are currently exploring the hypothesis that this operon responds to different environmental signals in addition to or together with those described here.
Since the sequence of the tonB3 promoter region is longer than usual and Lrp and CRP binding might occur at defined moments of growth, the most plausible situation when the cells are growing rapidly (i.e., when glucose and/or high CAA concentrations are present) is that other transcriptional factors and/or nucleoid-associated proteins (NAPs), such as Fis, H-NS, or HU, could bind this region, affecting the conformation and/or the supercoiling of the chromosomal DNA and consequently the expression of the tonB3 operon. Of course, some of those NAPs could also work in concert with Lrp and/or CRP for the activation of this operon. We are currently pursuing these hypotheses in what we believe is an interesting model to study the timely expression of an orphan TonB system that is induced mainly under conditions of nutritional deprivation together with possible changes in the organization of the chromosome.
